Discussion of open innovation has typically stressed the benefits to the individual enterprise from boundary-spanning linkages and improved internal knowledge sharing. In this paper we explore the potential for wider benefits from openness in innovation and argue that openness may itself generate positive externalities by enabling improved knowledge diffusion. The potential for these (positive) externalities suggests a divergence between the private and social returns to openness and the potential for a sub-optimal level of openness where this is determined purely by firms' private returns. In other words without public intervention firms' innovation strategies may be more 'closed' than the socially optimal level. Our analysis is based on Irish plant-level panel data from manufacturing industry over the period 1994 to 2008. Based on instrumental variables regression models our results suggest that externalities of openness in innovation are significant and that they are positively associated with firms' innovation performance. We find that these externality effects are unlikely to work through their effect on the spread of open innovation practices. Instead, they appear to positively influence innovation outputs by either increasing knowledge diffusion or strengthening competition. Our evidence on the significance of externalities from openness in innovation provides a rationale for public policy aimed at promoting open innovation practices among firms.
Introduction
In this paper we identify a new externality which occurs as part of firms' innovation activity and provide some preliminary evidence of its empirical significance. Our starting point is the idea of open innovation in which firms combine externally available knowledge with internal knowledge inputs to generate new innovations. Seen as an alternative to the 'closed', largely internal, innovation models of the past, this has led to claims of a 'paradigm shift' in the organisation of firms' innovation activity (Chesborough, 2003) , and suggestions that by adopting an open innovation approach firms can improve their innovation performance (DIUS, 2008) . To date, however, the implications of any shift in innovation practice towards open innovation have largely been considered at the level of the individual firm Dodgson, Gann, & Salter, 2006; Laursen & Salter, 2006; Lichtenthaler & Ernst, 2009 ) leading to calls for further research to validate the private benefits of open innovation to firms in different operating contexts (Chesborough, 2006) .
Here, we argue that these firm-level, strategic analyses may also be excluding potentially important and dynamic social benefits which may arise from the increasing adoption of open innovation. Specifically, we argue that the more widespread is the adoption of open innovation the greater will be the level of organisational interaction and knowledge diffusion. This creates the potential for positive knowledge spillovers or externalities and increased innovation productivity. If significant, these 'externalities of openness' suggest that the social benefits of widespread adoption of open innovation may be considerably greater than the sum of the achieved private benefits. This suggests that adoption decisions by individual firms based purely on the private benefits of 'openness' will lead to a level of openness which is below the socially optimal level. Positive evidence of the existence of this type of dynamic social benefit from 'openness' in innovation would therefore provide a justification for public intervention to encourage more 'open' innovation strategies and so maximise the potential social benefits of openness.
Our focus in this paper is on developing an initial conceptual framework for the mechanisms through which externalities of openness may occur and to provide some empirical evidence of their significance. We identify three separate mechanisms through which externalities of openness may operate related to ambient knowledge or buzz, demonstration or imitation effects and through competition. Empirically, we endeavour to find out whether firms located in sectors or regions which are more 'open' -i.e. have a higher incidence of open innovation -do have higher innovation productivity. Our analysis goes beyond the estimation of simple correlations by using an instrumental variables approach to identify the innovation effects of externalities of openness and how these externalities are working. We estimate these effects using panel data on Irish manufacturing firms taken from the Irish Innovation Panel (IIP) and covering the period 1994 to 2008. Our empirical approach is based on the knowledge production function (Crépon et al. 1998 , Griffith et al. 2006 , with innovation performance as one key dependent variable. We find evidence supporting the existence of positive externalities of openness in increasing innovation productivity. Our evidence also suggests these effects on innovation productivity work through improved knowledge diffusion or intensified competition rather than through any demonstration or imitation effects which might be encouraging the spread of open innovation. Our findings highlight the social benefits of openness over and above the direct benefit of open innovation to firms' own innovation productivity.
Conceptual framework: externalities of openness in innovation
Knowledge spillovers may have important effects on productivity as knowledge created in one firm or organisation spreads to, and is used by, other firms (Romer 1986) . Research examining such knowledge spillovers has grown rapidly over the last two decades with a focus on the spatial aspects of R&D spillovers (Jaffe 1986 , Jaffe et al. 1993 , Bloom et al. 2010 , and spillovers associated with firms' proximity to multinational enterprises (Aitken and Harrison 1999, Javorcik 2004) 1 . Most of these empirical papers adopt a microeconometric approach to investigating spillover effects on productivity, capturing spillover effects by including industry or regional R&D or ownership indicators as explanatory variables in augmented production functions. The basic argument being that firms operating in, say, sectors with higher average R&D spend may benefit from knowledge spillovers and 1 See Görg and Greenaway (2002) for a literature review on FDI spillovers.
therefore have higher productivity. The empirical evidence is rather mixed, however, both about the magnitude of any spillover effects and, in the case of FDI spillovers, also about the actual presence of any significant knowledge spillovers. A small number of more recent papers adopt a slightly different approach, arguing that knowledge spillovers are associated more directly with firms' partnering arrangements with customers, suppliers, etc. (Crespi et al. 2008 , Jirjan and Kraft 2011 , Czarnitzki and Kraft 2011 , Vahter 2011 . Interest in the importance of such partnering arrangements for innovation, and related externality effects, has been stimulated by discussion of open innovation (Dahlander and Gann , 2010) . Here, the central idea is that external knowledge and ideas may increase firms' innovation productivity. Despite the fact that the open innovation literature stresses the role of external linkages, however, studies looking at the potential benefits of the adoption of open innovation have, to date, focussed purely on the private benefits of openness , Laursen and Salter 2006 , Leiponen and Helfat 2010 and have not investigated the potential for externalities of openness.
Such externalities of openness might work in three rather different ways, reflecting to some extent related arguments about the mechanisms which mediate R&D spillovers. First, externalities of openness may arise from extensive knowledge diffusion in sectors in which technology has some of the characteristics of a public good, and/or sectors which are more densely networked. Where technology has the characteristics of a quasi-public good, levels of ambient knowledge or intelligence are likely to be greater (Sadri, 2011) , providing the basis for more widespread knowledge application and use (Kovacs, Kopacsi, Haidegger, & Michelini, 2006) . Tassey (2005) , for example, argues that knowledge created by firms' research labs, government labs and universities may have some of the attributes of a quasipublic good, and play a significant role in enabling the development of proprietary technologies. Diffusion of such knowledge may be mediated through mechanisms such as social interaction or inter-personal networks, trade publications, professional associations etc. or through firms' direct links with knowledge brokers such as consultants or intermediary institutions.
Knowledge diffusion may also be greater where spatially bounded or concentrated networks facilitate 'buzz', or intensive face-to-face interaction between network members (Breschi & Lissoni, 2009; Ibrahim, Fallah, & Reilly, 2009; Storper & Venables, 2004) . In particular, in knowledge intensive industries, the importance of buzz and face-to-face interaction have been emphasised to the diffusion of tacit knowledge or emerging knowledge which has yet to be codified (Asheim, Coenen, & Vang, 2007) . Combinations of buzz and the availability of knowledge which has quasi-public characteristics may be particularly powerful in generating positive externalities of openness, raising firms innovation productivity above that suggested by firms' private investments in knowledge creation and external search.
The second group of mechanisms through which externalities of openness might occur relate to imitation and demonstration effects similar to those suggested in the technology adoption literature (Hofmann & Orr, 2005; Rao & Kishore, 2010 Finally, in addition to these knowledge transfer and adoption effects, the proximity of open innovators may also have externality effects through competition (Bloom et al. 2010 (Aghion and Griffith 2005 , Aghion et al. 2009 , Leibenstein 1966 , Vickers 1995 . This would result in longer-term improvements in innovation productivity. The strength of this type of competition effect will, however, depend on how far the particular firm is from its competitors in terms of innovation performance and level of knowledge/technology.
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In conclusion, externalities of openness may work through a number of channels.
Knowledge diffusion and adoption effects are expected to be positive but may be offset by market stealing competition effects. As a result the net effects of any externalities of openness remains an empirical issue. Therefore we now turn to an empirical estimation of the direction and scale of externalities in openness in the case of Irish manufacturing.
Data and Methods
Our empirical analysis is based on plant-level panel data taken from the Irish Innovation which types of external partners they had during the 3-year period covered by the survey.
Eight partner types were identified in the survey questionnaire: linkages to customers, suppliers, competitors, joint ventures, consultants, universities, industry operated laboratories, and government operated laboratories. As could be expected, the most common external partners in plants' innovation process are its customers and suppliers (see also Love et al. 2011 ). Links to universities, labs, competitors and other partners are much less common, especially in the case of smaller firms (see Vahter et al. 2011) .
Our econometric analysis is based on estimation of the innovation or knowledge production function (Crépon et al. 1998; Laursen and Salter, 2006; Love et al., 2011) with plants'
innovation linkages and indicators intended to capture potential externalities of openness included among other standard explanatory variables. As the dependent variable in the innovation production function we use two widely applied innovation output indicators: i) the proportion of plants' sales (at the end of each three-year reference period) derived from products that were either newly introduced or improved during the previous three years;
and, ii) a product innovation dummy. The first dependent variable reflects plant's ability to introduce new or improved products to the market and their short-term commercial success. The second variable shows the propensity to engage in innovation. Using the two variables allows us to test whether externalities of openness have different effects on the propensity and intensity of innovation.
Estimating externality effects raises a number of conceptual and econometric difficulties. work. In our analysis we therefore include standard plant-level measures of the breadth of innovation linkages (as used in Laursen and Salter 2006, etc) , and interpret the coefficients as potentially reflecting both market-based and spillover effects. We also include in the innovation production functions sectoral indicators of openness to capture externality effects not mediated through plants' own external linkages.
One important issue in estimating externalities
Significant coefficients on these variables would suggest (provided that we have suitable instruments) externalities of openness from firm's peers to the firm itself through either knowledge diffusion or buzz effects. We regard this as an improvement over the knowledge spillover studies of Jirjahn and Kraft (2011) or Czarnitzki and Kraft (2011) , because it permits a more direct test of spillover effects of external linkages, by concentrating on information about the linkages of firm's peers in the same sector.
Econometrically, the issues raised with estimating externality effects have been examined in the classical discussion of the endogeneity and reflection problems and other related estimation problems in Manski (1995) , Angrist and Pischke (2009) and Bloom et al. (2010) .
The key issue is the potential endogeneity of openness at sector level and the unobserved heterogeneity that can affect the results of econometric analysis and their interpretation.
Usually, we cannot be sure whether the coefficient on a spillover variable in a simple innovation model shows the effect of spillovers, or whether more innovative firms are simply more likely to be in sectors with higher openness for reasons fully unrelated to the openness of their peers. Some unobserved variables (e.g. managerial ability and experience, attitudes of managers and owners etc.) may determine both the extent of openness in a sector and the sector's innovativeness.
To minimise this type of issue here we use an instrumental variables approach to reduce any issues with the potential endogeneity of the sectoral externalities of openness measure. Let
INNOV it be an innovation output indicator (for plant i at survey period t), and X it a vector of commonly used plant level control variables. OI it represent plants' own breadth of innovation linkages, and therefore in our data takes a value between 0 and 8. EXO it is the sectoral proxy for externalities of openness in innovation. It is calculated as the average breadth of innovation linkages among each plants' peers in its industry (within 2-digit sectors). Note here that for each plant its own breadth of linkages is excluded from the calculation of this sector level average of its peers' linkages. This way we have a more direct test of potential spillovers: we do not double-count the own-plant effect of linkages, as plant's own breadth of linkages is already included as a separate control variable in Equation The innovation production function with sector specific ( j  ) and time effects ( t  ) can in our analysis be written as:
Here, i denotes the plant, t period (IIP wave), and j sector, it  is an idiosyncratic error term.
Our choice of estimation approach for Equation (1) In addition, we check whether spillovers affect the propensity to engage in product innovation by using an IV-probit model to estimate Equation (1) with a product innovation dummy as the dependent variable. The effects on propensity of innovation may be different from the effects on intensity of innovation performance.
A key issue in the estimation is the choice of appropriate instruments for the sector level externality measure. Ideally, one needs a set of instruments that predicts variation in the sector-level externality measure but is unrelated to changes in individual firm's innovation performance, after controlling for other relevant factors. Also, we assume here that it affects the outcome variable only through its effects on sectorlevel extent of knowledge linkages.
We include in each model a set of controls for other plant characteristics which have been found in previous studies to affect innovation outputs. One of these is an indicator of whether or not plants are doing in-house R&D (Crépon et al. 1998 , Griliches 1995 , Oerlemans et al. 1998 ). This may directly drive innvoation through knowledge creation but can also be seen as an indicator of absorptive capacity (Cohen and Levinthal 1990) . We also include variables intended to reflect the ownership and strength of plants' internal knowledge base, multinationality, age and size of the plant (Klette and Johansen, 1998 
Econometric Results
Tables 2 and 3 summarize our results on the externalities of openness in innovation. As argued above, this variable may be endogenous and therefore may need to be instrumented. Indeed, the Wald test of exogeneity of the spillover variable rejects the exogeneity assumption (with p-value of 0.01, in the case of Model 2 in Table 2 ). In order to account for the endogeneity of our measure for openness spillovers, we need instruments that predict changes in the spillover proxy (sector-level average breadth of linkages), but at the same time are uncorrelated with the error term in Equation (1) (i.e. do not affect the dependent variable through other channels than the spillover proxy). A general conclusion that we can draw based on all models in Table 2 , regardless whether we look at the IV or the standard Tobit model, is that the presence of firms that have a large range of knowledge linkages appears to benefit other firms in the same sector in terms of innovation productivity. The econometric evidence clearly suggests the presence of externalities of openness, even after accounting for other sector or time-specific effects and other controls. It is also evident that instrumenting matters, changing the estimates of the strength of any externalities to a significant extent. In the standard Tobit model a one unit increase in the average breadth of linkages of other firms in a sector is associated on average with a 4.5 per cent higher share of sales from new or modified products.
Accounting for potential endogeneity in our externality measure, then the effect is markedly larger. Now a one unit increase in the average breadth of sectoral linkages is associated with 18-29 per cent higher innovation performance at the firm level. An externality effect of this magnitude is in fact plausible. We have to recall that the average breadth of linkages at sector level is 1.18 and its maximum at sector level is only 2.3 (Table 1) , and so a one unit increase in our sector-level spillover proxy is in fact a massive increase in openness at the sectoral level. Also note that an increase in the sector-level presence of open innovators may affect a large set of firms and thus a large set of knowledge sources and co-operation partners. By comparison, the effect of adding one additional type of linkage by the firm itself is associated with around 4.3 per cent higher innovation output. Other firm-level controls have their expected signs and magnitudes. R&D, foreign ownership, skill intensity and government subsidies to innovation are positively and strongly associated with higher innovation productivity. Once other controls are accounted for, the effect of expected profits is not significant in Table 2 .
We can observe that both instruments used in our analysis are strong ones (see lower panel of Table 2 ). The F-statistic of these variables in the first stage regression of sector level openness on the instruments is high, and is significantly above the Stock-Yogo critical values (Stock and Yogo 2005) . Also, Model 3 in Table 2 with two instrumental variables is not overidentified, as shown by the result of the Sargan test. However, the sign of the additional instrument -sector level average of importance of lack of partners as barrier to innovation -is counter-intuitive. The higher perception of lack of partners in a sector is associated with larger, not smaller, number of different knowledge linkages. The counter-intuitive sign of lack of partners may at first glance seem odd. But it may reflect the earlier findings in Lööf (2009) and others that more innovative firms are more likely to report higher innovation barriers as they are more capable to perceive them and have encountered them more due to their higher intensity of innovation activities. However, the correlation of our key explanatory variable with the CIS-level instrument is exactly as expected. It seems that the CIS-based instrument is a more suitable instrumental variable; it is more likely to be a valid instrument than sector level lack of partners. The IV results are rather similar in different specifications of the IV-Tobit model in Table 2 : changes in the set of instruments affects the end result only a little. Instrumenting itself, however, is crucial to the estimated scale of the externalities of openness effect although not its statistical significance.
Next we check whether the significant results on the externalities of openness are also reflected in the data on the propensity to innovate. We estimate IV-probit models, with exactly the same first stage as in Table 2 . Unlike the previous estimation, there is no clear evidence of externalities from openness (Table 3 ). The coefficient of the openness spillovers is positive in different specifications, but the significance of the result depends on which instruments are included in analysis. The results show significant positive coefficient of the externality measure only in Model 3, where lack of partners at sector level is the instrument used, and this is significant only at the 10 per cent level. Here the increase of breadth of linkages at sector-level by one unit is associated with about 10 per cent higher propensity that a firm from the same sector engages in innovation. When the (preferred) CIS instrument is used, or where both instruments are employed, the externality coefficient is insignificant. Externalities of openness appear to operate by increasing firms' innovation intensity rather than by making firms more likely to innovate.
Extension -the channels of externality effects
As suggested earlier, the externalities of openness can work through a number of different channels. Ideally we would wish to differentiate between the effects of all of the various channels, but as a first step we expose one particular channel to closer scrutiny. In particular, we examine whether through a demonstration, imitation or competition effect sectoral openness impacts on firm's own breadth of knowledge linkages. This allows us to test whether the adoption of openness through inter-firm learning is a plausible channel for the externality effects identified above: does sectoral openness make individual firms more open? We therefore estimate a model in which the dependent variable is the breadth of firm's different external knowledge linkages, which is regressed on our externality measure and other firm level controls.
We estimate Equation (2) to investigate this component of the externalities of openness,
where OI it denotes firm's own breadth of external knowledge linkages, OXI it is the same externality measure as in Equation (1). Again, we exclude each firm's own breadth of linkages from the calculation of this variable.
(2) Equation (2) includes sector effects (at 2-digit sector level), time effects, other control variables (similar to the ones in Equation (1)) and an idiosyncratic error term. It is important to stress that one would not be able to estimate the causal relationship in Equation (2) if the calculation of the spillover proxy included firm's own breadth of linkages. In a bivariate regression of firm's own openness on the sector level average openness, the coefficient of spillover variable would always be positive and equal to 1 (see Angrist and Pischke 2009, p.195) , and would indicate nothing about causality. It is therefore crucial to exclude firm's own breadth of linkages from the calculation of the sector-level average. However, even then the relationship in Equation (2) may be affected by the so-called Manski 'reflection problem' (Manski 1995) , as the simultaneous changes in sectoral breadth of linkages and plant's own indicator of breadth of linkages may show a causal effect of the latter, but this may simply reflect some common external stimulus or shock which affect all firms in a sector, thereby inducing a spurious positive correlation between the two variables. We note that while we alleviate the reflection problem by using instrumental variables for the spillover proxy, it may still be an issue in Equation (2) if the shock is a general Europe-wide sector-level shock that affects also the breadth of linkages in the rest of Western Europe.
Since in Equation (1) the dependent variable and variable used to calculate the spillover proxy are not the same, the reflection problem is unlikely to be a major issue in that estimation. Equation (2) we regard as more speculative, and provides additional evidence about one particular potential channel of spillovers.
Results are shown in Table 4 . Since the dependent variable takes a value between zero and eight (breadth of linkages), we use zero-inflated negative binomial estimation. The clear result from both un-instrumented zero-inflated negative binomial model and the 2SLS model is that openness of firm's peers is not associated with higher openness of the firm itself, once the firm has any external linkages. The evidence of Table 4 clearly suggests that externalities of openness are not working through adoption effects which influence firms' own openness; instead these externalities appear to be enhancing innovative sales alongside firms' own openness through either a knowledge diffusion or competition effect. Tables 2 and 4 
The results in

Conclusions
This paper provides econometric evidence of positive externalities from openness in innovation. However, there seems to be no indication that such externalities work through increasing the adoption of open innovation practices. Instead, these externalities appear to work through other channels related to knowledge diffusion or competition effects. We would stress, however, that our findings must be regarded as preliminary at this point. We examine only one indication of 'openness' -the breadth of firms' innovation linkages -and our analysis is restricted to a single country, albeit over a relatively long time period. In addition, because of the unbalanced nature of our dataset we cannot fully account for fixed effects at plant level. Therefore the estimated effects are not entirely within-plant effects and may perhaps be affected by unobserved heterogeneity at firm or sector level.
There may be unobserved fixed characteristics of the sector or firm that affect both the extent of spillovers that a firm could absorb from its peers and the firm's innovation performance. These unobserved variables could induce correlation between the spillovers proxy and firm's innovation output, which is not fully due to spillover effects.
Economists are often sceptical about the use of subjective questions in an econometric framework due to the measurement error and its correlation with large set of characteristics and behaviours of the business unit. For example, Bertrand and Mullainathan (2001) point out that the subjective data, as in our analysis, may be useful as explanatory variables, but the researcher must take care in interpreting the results since the estimated parameters may not show causal effects. However, our results in this paper point to a very robust evidence of positive association between our spillover proxy and innovation performance. Therefore given the potential (but not testable) validity of our key instrumental variable, and assuming that the limitations mentioned here are not crucial, the findings may indeed point to important causal effects.
Our analysis does suggest the value of carrying out further work on the externalities of openness. Future studies may find it useful to accompany subjective measures of the presence and importance of linkages with more detailed measurable and comparable information about the importance of different linkages. Identification of causal effects based on sudden exogenous changes in access to networks (for example, due to natural experiments) may yield stronger evidence for spillovers of openness in innovation. Also, it would pay to decompose the spillovers more explicitly into different clearly defined channels: an example here is Bloom et al. (2010) who use US patent data and divide knowledge externalities into the technology spillovers and competition effects. 
